Introduction
The physics of transport, deposition, detachment and reentrainment of colloidal particles suspended in a fluid are of major interest in many areas of fluids engineering: fouling of heat exchangers, contamination of nuclear reactors, plugging of filtration membranes and occlusion of human veins, deposits in microelectronics and in the paper industry. In many solid/liquid separation processes such as micro-filtration or ultrafiltration of water, the limitation of the process performance is related to the fouling of filtration devices. To prevent or control the occurrence of fouling, it is necessary to achieve a better understanding of the respective roles of physical-chemical phenomena and hydrodynamic interactions in a confined suspension of particles. Non-hydrodynamic surface interactions and the adhesion of particles onto solid surfaces are the essential features to be modeled. However, mainly because of a complex interplay between the hydrodynamics of the flow, the physical-chemical properties of the filtered suspensions (often in a colloidal state) and the nature of the solid material, predicting fouling dynamics is still challenging.
Different experimental techniques and numerical approaches have been developed to achieve new insights on the local structure of particle aggregates and the kinetics of blockage. Sharp and Adrian [4] , by means of experiments in microtubes, observed blockage due to arch formation. The experiments were performed using liquids seeded with polystyrene beads at low volumetric concentration. They showed that a stable balance between the hydrodynamic forces and contact forces (mainly solid friction) between particles and the wall provokes the formation of arches. Wyss et al. [5] studied PDMS microchannels clogging by an aqueous suspension of monodisperse polystyrene beads. The formation of plugs at the microchannel entrance occurred when a critical number of particles had flowed through the pore whatever the flowrate and the particle volume fraction. In this case, the mechanism of blockage was mainly due to successive depositions of particles on walls or interceptions by attached particles. This is drastically different from the bridging mechanism occurring in a stable suspension. forces the particles to overcome the repulsive potential barrier leading to sudden formation of a plug at the pore entrance. This mechanism has been clearly identified by Ramachandran and Fogler [6] when they studied the conditions under which multilayer deposition occurs in a microchannel. In a previous experimental work [10] , we demonstrated with microfluidic experiments that very different clogging structures (arches, deposit, dendrites) can be observed in flows of micrometric particles in microchannels. These different structures depend on the hydrodynamic conditions, the particle concentration and the surface interaction magnitude. These features are possibly related to the collective effect of particles (due to multibody particle interactions) and highlights the need for numerical approaches to depict the complex interplay between transport phenomena and multibody interactions.
Although numerical simulations of these phenomena are not widespread, hydrodynamic forces and physical-chemical interactions are more and more frequently taken into account in the modeling and/or simulation of multiphase flows. For examples, Henry et al. [38] used a new Lagrangian stochastic approach to confirm that clogging may result from the competition between particlefluid, particle-surface and particle-particle interactions. Particle deposition can lead to the formation of either a single monolayer or multilayers depending on hydrodynamical conditions, fluid characteristics (such as the ionic strength) as well as particle and substrate properties (such as zeta potentials). For direct numerical simulation of small colloidal particle collision and agglomeration in turbulent flow, Mohaupt et al. [39] proposed a new probabilistic approach. This is based on evaluating continuous relative trajectories between possible collision partners to evaluate the probability for this trajectory to reach the minimum distance corresponding to particle collision. This approach can address new physical issues related to two-phase flow modeling and opens interesting avenues for the simulation of particle interactions, aggregates over a wide range of suspension characteristics.
For aerosols, Marshall [7] investigated the adhesion of particle aggregates onto straight channel walls under laminar flow. To show that particle deposition onto walls is dominated by particle-particle and particle-wall surface interactions, he used a Discrete Element Method assuming that the particle density is much larger than the fluid density. The trajectory equation accounts for Van der Waals and collision forces (soft-sphere model). The translational velocity and rotation rate of each particle are obtained by numerical integration of Newton's second law. They neglected the perturbation of the fluid flow due to the presence of attached particles which limits their study to the early instants of blockage when the permeability of the channel is unaffected by the growing plug. This is a serious shortcoming of this approach. Concerning colloidal suspensions, Tanaka and Araki [8] studied the importance of interparticle hydrodynamic interactions during aggregation using the Fluid Particle Dynamics method. In the FPD method, colloidal suspension is modeled as a mixture of viscous undeformable fluid particles and a non-viscous simple liquid, instead of treating colloids as solid particles. This method is based on a hybrid model, which combines a lattice simulation for continuous fields and an off-lattice simulation for particles. The importance of interparticle hydrodynamic interactions in aggregation, gel formation, and phase separation of colloidal suspensions has been highlighted.
In our study of channel blockage by adhesion of spherical particles, we choose to use the Force Coupling Method to simulate the adhesion and aggregation of spherical particles in laminar channel flow accounting for hydrodynamic interactions and DLVO forces related to the presence of fixed and flowing particles. The paper is organized as follows. The Force Coupling Method and its validation are presented in Section 1. In Section 2, we describe the configuration and conditions of the simulation. The kinetics of clogging according to different volume fraction of particles and interaction forces is investigated in Sections 3 and 4, respectively. The evolution of the bulk permeability, the capture efficiency in the microchannel, the particulate microstructure and the modification of the fluid flow around attached particles will be discussed. Conclusions are drawn in Section 5.
Numerical modeling of flow particle interactions
Early numerical methods for discrete particle tracking were often based on the restrictive assumption that the presence of particles does not modify the carrying fluid flow (one-way coupling Kð/Þ dimensionless coefficient Discrete Element Method). This is generally associated with the assumption of point particles [21] . Velocity field and its gradients at the position of the particle center are needed to compute the force balance and finally trajectory equations. Models of collision can be explicitly included to simulate interactions and momentum exchange between particles [7] . Later, these approaches were complemented by adding momentum source terms in Navier-Stokes equations as a model of two-way coupling interactions. These models are able to simulate collective effect of particles on the flow (modification of the bulk density and viscosity) but neglect direct hydrodynamic interactions between particles. The particle size is much smaller than the grid spacing used to compute the fluid flow. This individual particle tracking provides some specific information (velocity, position, trajectory. . .) for each particle which can be statistically analyzed to provide information on macroscopic modeling. The theoretical background of the Force Coupling Method is based on particular properties of Stokes equations although this method can also be used at low but non-zero Reynolds numbers. We can note that specific numerical methods have been developed for solving Stokes equations. In the Boundary Element Method (BEM) [12] , the surface of each particle is discretized and the linearity of Stokes equations is used to reduce the problem to a set of linear equations involving the unknowns on the sphere surface. The inherent difficulty occurs when two spheres come close to contact. Lubrication forces between these two spheres may not be accurately captured. BEM can easily be extended to non-spherical or deformable particles.
Another method suitable for Stokesian suspension is based on the reflection algorithm [13] . The flow field around each sphere is obtained by summation of cumulative terms related to the presence of nearby spheres. The presence of a particle causes a perturbation flow field which is then reflected onto all other spheres iteratively. These methods are only suitable for small numbers of spherical particles and converge quickly when the spheres are well-separated but for specific arrangements a low rate of convergence may occur.
Multipole methods (Stokesian Dynamics [14, 15] has became very popular to simulate suspension dynamics. The flow field is represented in terms of a resistance matrix (extracted from a truncated multipole expansion) relating the external forces and torques on all particles to their velocities and any background flow. The multipole expansion is truncated after the Stresslet (force dipole) and the irreducible quadrupole. Lubrication corrections are added for short separation distance between spheres. The Force Coupling Method stands within this type of approach.
The major advantage of the Force Coupling Method is its flexibility and the modest overhead cost added to an existing Navier-Stokes solver (about 10% for few thousands particles). The FCM can handle spherical or ellipsoidal particles (complex shapes are not possible) moving in a Stokes or finite Reynolds flow including simply the effect of non-hydrodynamic forces together with a good accuracy of multi-body hydrodynamic interactions. This method has been compared to other existing methods for particulate flows (see [40] . The conclusion is that with 6-8 grid cells within a particle diameter, FCM is very efficient. This allows the simulation of suspension of thousands of particles (for the simulations we performed, around 10,000 particles were flowing through the channel and the total time of simulation was 24 hours on eight 2.8 Ghz processors of a cluster Altix ICE 8200).
The Force Coupling Method
We aim at simulating the trajectories of particle including simultaneously the effect of the carrying flow, direct hydrodynamic interactions between particles and non-hydrodynamic attractionrepulsion forces. The Force Coupling Method (FCM) has been developed for Stokes flow by replacing the Dirac delta function of the standard multipole expansion by a localized force envelope. This avoids the transport of singularities and reproduces the finite size of particles. The FCM has been validated and applied in many configurations of suspension flows; for example, sedimentation problems [16] , bimodal suspensions [11] . Multibody hydrodynamic interactions are accounted directly by solving flow equations. The Force Coupling Method can be implemented in any existing flow solver. It is flexible and gives a minor overhead computing time. The translational and angular velocities of a particle are estimated by local averages of the fluid velocity weighted by the corresponding force envelopes. This approach has a computational advantage by reducing the number of grid points necessary to resolve a particle. Typically, it requires only six to eight grid cells to discretize the particle diameter. This is less than other methods, such as the Immersed Boundary Method [20] . Once the resolution is fine enough to resolve the Gaussian force envelope, the FCM can accurately reproduce the flow perturbation. Accuracy and validation tests will be presented hereafter. When two particles are close to contact, the Force Coupling Method underestimates the lubrication effects. As a result, the FCM has been used mainly for volume fractions lower than 20% and for larger concentration, lubrication corrections must be implemented [17] (see also the study of Yeo and Maxey [35] ).
Equations of the model
The FCM has been implemented in JADIM (in-house software developed at IMFT, Institute of Fluid Mechanics, Toulouse) to solve the flow field equations using a finite volume method on a staggered grid. The fluid is incompressible (Eq. (1)) with a constant dynamic viscosity l f and fluid density q f . Incompressibility of the flow is achieved by a fractional step method using an auxiliary potential for the solution of the Poisson equation. The spatial derivatives are computed with second order accuracy and temporal integration is achieved by a third order Runge-Kutta scheme and a semi-implicit Crank-Nicolson scheme for the viscous terms. At low Reynolds numbers, the left hand side of Eq. (2) is negligible and Navier-Stokes equations degenerate to Stokes equations. All particles are represented by forcing terms (Eq. (3)) spatially distributed on a Gaussian envelop (Eq. (4)).
In the FCM, the fluid fills the entire volume of the simulation domain and each particle is represented by forcing terms. In momentum balance Eq. (2), fðx; tÞ accounts for the perturbation induced by the presence of each particle in the suspension. Each n particle (with the total number N a ) acts on the fluid with the force F ðnÞ ı (Eq. (3)).
where Y ðnÞ is the position of the nth particle center. The first term of the multipole expansion is called the monopole. It is the finite size analog of the pointwise Stokeslet. This force monopole represents the sum of body force, particle-particle and particle-wall interaction forces (adhesive-repulsive -non-overlapping forces). The finite size of particle (radius a) determines the width of the Gaussian envelop (Eq. (4)) used to spread out source terms on the fluid flow (Eq. (3)).
The relation between the real particle size and the width of the
This expression is determined analytically to match exactly Stokes drag on an isolated particle translating in a uniform fluid flow [19, 1] .
The accuracy of the flow streamlines close to the particle surface can be improved by adding to the monopole term, the second term (Eq. (5)) called force dipole. The role of this second term of the multipole expansion is to cancel flow deformation within the volume occupied by the particle (see Lomholt and Maxey [9] .
The second forcing term is distributed on a spherical Gaussian envelop (Eq. (6)), as well. The ratio of a=r D is set as to ensure an average zero rate of strain Eq. (7) within the volume occupied by the particle. The width of this Gaussian envelop is given by r D
which is the analytic expression to verify Eq. (7) for an isolated particle.
In the expression of the dipole term, F ðnÞ ı| is a tensor which may be decomposed into symmetric and anti-symmetric parts: , namely the Stresslet, contributes to enforce a solid body motion (deformation free) within the fluid occupied by the particle. For several particles, an iterative scheme (conjugate gradient with steepest descent scheme) is used to enforce a zero strain rate (Eq. (7)) within the particle volume (see details in the paper by Dance and Maxey [17] .
The anti-symmetric part A ðnÞ ı| (Eq. (8)) is related to external torque acting on particles yielding rotation of the fluid as a solid body (see Fig. 1 
Non-hydrodynamic interaction forces
The FCM is very flexible and implementing particle-particle or particle-wall forces is straightforward. The surface interactions can be included into the force monopole term. To take into account physical-chemical interactions (adhesion, attractive or repulsive interparticle forces depending on the nature of surface interactions), we choose to use DLVO (Derjaguin, Landau, Verwey and Overbeek) theory as a simple model of non-hydrodynamic forces. This simplified theory can be applied to microparticles flowing in different fluids. Experimentally, repulsion or attraction can be varied by changing solvent properties (electrolyte concentration, pH, . . .) or wall and particle material.
Particle-particle interactions
In the classic approach, the interaction forces between two rigid bodies are obtained by pairwise summation of the molecular forces. For a pair of spherical and homogeneous particles (radius a), the expression of attractive and repulsive forces are given in Eqs. (12) and (14) , see details in Feke and Schowalter [25] . A h is the Hamaker constant which is related to the properties of the particle material and to the ambient fluid, z represents the distance between the particle surfaces, k is the inverse of Debye length, w the zeta potential, 0 the vacuum permittivity and r is the relative permittivity of the fluid. Fig. 2 shows the general shape of DLVO forces for two identical particles. The attractive Van der Waals contribution is a negative force which tends to make particles closer while the electrostatic repulsion force is positive. For the physical-chemical parameters selected in this figure, the sum of the two opposite forces (solid line) shows that repulsion dominates at large separation (suspension is stable and no particle aggregation occurs in a still fluid at low concentration). If the flow (shear flow, streamlines contraction) pushes the particles towards each other and overcome the repulsion barrier, the attractive force will become very strong and yields irreversible adhesion. If three or more particles are involved in DLVO interactions, forces are computed on each particle doublet and pairwise summation is operated.
Particle-wall interactions
Regarding particle-wall interactions, Eqs. (15) and (17) are obtained from Eqs. (12) and (14) assuming that one particle radius is infinite. Those expressions are valid provided that the interaction length scale is very small compared to particle radius.
2.3.3. Non-overlapping force During particle interactions, solid surfaces might come in contact due to attractive contribution of DLVO forces. In the FCM, the particles are represented by forcing terms in momentum balance equations. Therefore, particle overlapping must be prevented by a steep repulsion force that could represent forces due to the overlapping of electron clouds (Pauli or Born repulsion). We selected the model (Eq. (18)) proposed by Drazer et al. [26] for short range non-overlapping forces.
where F 0 is a force scale, z is the normalized gap between the surfaces of two particles or between the particle and a wall, r c is the interaction distance and e ab is a unit vector along the line of particle centers b to a. The value of F 0 is proportional to 12pl f a 2 c 0 , with c 0 being the wall shear of Poiseuille flow. This is an estimate of the force experienced by a particle coming into contact with a fixed particle attached onto the wall.
FCM and resistance formulation
The formulation of the Force Coupling Method permits to solve mobility problems: forces and torques are imposed to obtain particle velocities, rotation rates and trajectories. However, when a particle touches a wall the adhesion force holds this particle fixed. In that case, the condition which has to be satisfied is zero velocity for the attached particle. This corresponds to a resistance problem: the force acting on a particular particle depends on multibody hydrodynamic interactions and DLVO forces and has to be adequately found to verify the zero velocity condition. This is an important feature of our simulations, particles fixed at the wall are allowed neither to slide relative to the wall nor to be resuspended by the flow (we assume that adhesion is irreversible and a particle touching the wall or an already attached particle remains fixed). To hold a particle fixed, an iterative scheme is used to evaluate each adhesion force and torque. This iterative scheme (Eqs. (19) and (20)) corresponds to solving the resistance problem enforcing the condition of zero velocity and zero rotation rate for attached particles. At each iteration, Navier-Stokes equations are solved to account for multibody hydrodynamic interactions and DLVO forces.
a 1 and a 2 are numerical penalty parameters which are properly selected to reduce the number of iterations. When the velocity Vðt Ã Þ and the rotation Xðt Ã Þ reach the threshold of convergence (typically 10 À5 ) for all fixed particles, the forces (Eq. (19)) and torques (Eq.
(20)) of adhesion are then known and the simulation proceeds to a new time step of particles and fluid motion. Fig. 3 is a schematic presentation of the algorithm of the Force Coupling Method (FCM) over one time step.
FCM validation tests
The validity of the Force Coupling Method has already been verified extensively (see for example Lomholt et al. [18] and Abbas et al. [11] and references therein).
Drag and torque on a single particle held fixed in a Poiseuille flow
We investigate the basic configuration of a single particle in a Poiseuille flow and its hydrodynamic interaction with the wall. This is of particular interest for our study of flowing suspension in microchannel (laminar regime at low Reynolds number). Using the iterative scheme with FCM (resistance problem), we determine the evolution of the force (F P ¼ 6plUak P ) and torque (T P ¼ 8plUa 2 k P T ) acting on the particle held fixed at different separation distances from the wall. This test is similar to Lomholt et al. [18] and it validates our implementation of the FCM for resistance problems in our JADIM code (figures are not reported in the present paper). The dimensionless drag k P and torque k P T coefficients are compared to the results obtained by Ganatos et al. [22] . Our simulation results are in good agreement with Lomholt et al. [18] . The effect of the dipole Stresslet is important for separation distance shorter than a quarter radius. For such distances, DLVO forces become dominant and may screen hydrodynamic effect. Only the monopole term will be considered in the following tests and in the simulation of channel clogging. Using the monopole term only, the drag force acting on the fixed particle provokes a long range perturbation within the channel flow (yielding bulk permeability reduction) which will interact with the other particles of the suspension.
Settling velocity of a particle in a periodic array
We consider the configuration of a single settling particle with tri-periodic boundary conditions as a simple model of porous media (the size of the domain varies the particle volume fraction C or equivalently porosity). We investigate in the low Reynolds regime the flow through a regular array of particles of length L (Fig. 4) . The particle experiences a constant body force (buoyancy force F in the monopole term) and the FCM gives the settling speed V. Several studies have already investigated this simple configuration either theoretically or numerically. Sangani and Acrivos [23] determined for a periodic cubic lattice the evolution (Eq. (21)) of the sedimentation velocity. The settling speed is scaled by Stokes velocity W in a quiescent infinite fluid.
In Eq. (22) C is the volumetric fraction of particles, L is equal to the length of the periodic domain and W ¼ F=6pla is the Stokes settling velocity for a single sphere when L ) a. The characteristic distance L=a between particles in the cubic array is proportional to C À1=3 . Simulation results are presented in Fig. 5 and compared to the analytical prediction of Sangani and Acrivos [23] . The normalized sedimentation velocity decreases when the volume fraction increases. A good agreement is obtained for C 1=3 6 0:6 (or C 6 20%). For C 1=3 P 0:6, the short range hydrodynamic interaction comes into play and the effect of the monopole term needs to be complemented with dipole and lubrication corrections.
Interaction between two particles in the vicinity of the wall channel
We consider the interaction between two particles including DLVO repulsive force and hydrodynamics (one particle is fixed on the wall and the other one is free to move until contact). The channel dimensions X Ã Y Ã Z are equal to 28:8a Ã 9:6a Ã 5:12a in the streamwise, cross stream and spanwise directions, respectively.
The effect of non-hydrodynamic forces is varied ð 0 r w 2 Þ while ka ¼ 4 (k being the inverse Debye length) is kept constant. The fluid flow is driven by a constant pressure drop along the X direction. This pressure drop induces Poiseuille flow with maximum centerline velocity at Y=2. We choose as a hydrodynamic reference force scale F h (Eq. (23)) as follows:
Initially, one particle is fixed onto the wall (X p =a ¼ 16 and Y p =a ¼ 1). The second particle is free to move through the channel until contact occurs. The starting position X p =a ¼ 6 and Y p =a ¼ 2 is kept constant. The only parameter varied in the simulations ð 0 r w 2 Þ is the strength of the particle-particle repulsion force F pp .
Without repulsion force, the moving particle follows the flow streamline (dashed line in Fig. 7 ) and comes into contact with the fixed particle. Typically, we assume that contact occurs when the separation distance is equal to a 10 À5 . Once at contact, we assume that the particle experiences irreversible adhesion. The Force Coupling Method is formulated to solve mobility problems (force and torque are known to compute the translational and rotational velocities and proceed to trajectory). For the specific case of particle deposition onto a fixed wall, a resistance problem has to be solved: we know that particle velocities are zero but need to find the acting forces. This is achieved by an iterative scheme. The perturbation of the fluid flow obtained after contact of the two attached particles is shown in Fig. 6 . In the presence of repulsive forces, the particle trajectory deviates across flow streamlines. This deviation becomes more and more pronounced when the interparticulate repulsive force increases. For F pp ¼ F h =18, the repulsion force acting on the moving particle is not strong enough to prevent contact (solid line in Fig. 7) . In that case, the hydrodynamic forcing overcame the DLVO repulsion barrier. On the contrary, for F pp ¼ F h =9, the repulsion force is larger than hydrodynamic forcing due to shear. The contact and adhesion are prevented. The particle will continue to flow after a significant deviation of the trajectory (dotted line in Fig. 7 ).
Hydrodynamic interactions between an array of fixed particles and a flowing particle
The configuration proposed by Bhattacharya et al. [24] consists in an array of particles fixed onto a plane wall in a confined channel with dimensions X ¼ 34a; Y ¼ 2:5a; Z ¼ 21a respectively in the streamwise, cross-stream and spanwise directions. A single flowing particle is injected. This channel is formed by two infinite plane walls separated by a thin fluid gap (H ¼ 2:5a) in order to mimic highly confined systems. The fluid velocity profile at the inlet is a Poiseuille flow. The array of fixed particles owns two possible exits (see Figs. 8 and 9 ). One or both of those exits can be blocked by adding an extra attached particles to the wall. The test in this simulation consists in following a single particle through this maze. No repulsion forces are used. Figs. 8 and 9 show different simulation configurations corresponding to different initial positions of the flowing particle. Due to the long range hydrodynamic interaction, Fig. 6 . Velocity field around two fixed particles in a straight channel under constant pressure drop. One over four arrows of the velocity vector field is displayed to ease visualization. particle trajectories are drastically different if the exits are blocked (the moving particle feels the presence of blocking particles at the entrance of the maze).
Trajectories for different initial positions are presented in Fig. 8  when both exits remain open. Under this simulation configuration, the moving particle enters the particulate maze for any initial position in front of the hole. The choice of the exit depends on its initial position. When the freely moving particle starts perfectly along the axis of symmetry (Z=2), it cannot leave the particle array. This particle moves through the central part of the array and comes into contact with the cluster due to the perfect symmetry of the flow. When the initial Z value of the free particle is different from Z=2 (off-centered initial position), it moves and leaves the array from the upper exit (dashed line in Fig. 8 ) or from the bottom exit (dotted line in Fig. 8 ). This behavior is totally dependent on the initial position.
Other configurations of free particle trajectories are showed in Fig. 9 . The exits of the array are blocked partially or totally by adding two or four fixed particles. Trajectories of the particle are compared with the same initial position. When the two exits are blocked, the freely flowing particle does not enter the particle maze (solid line in Fig. 9 ). It is pushed on one side by the flow (fluid flow is blocked by the particle array in this simulation configuration). This is in agreement with [24] . When a single outlet is blocked, the upstream hydrodynamic interaction forces the free particle to find its way towards the exit. The free particle moves through the array and reaches the exit due to asymmetry in the flow induced by fixed particles.
From these simulations, it is clear that the perturbation of the fluid flow induced by the presence fixed particles onto walls is correctly prescribed by the FCM. All these results are precisely in line with those of Bhattacharya et al. [24] and show that fluid flow perturbations play an important role in the collective dynamics of particles.
Configuration of 3D channel simulation
The simulation domain (Fig. 10) consists in a 3D channel (190 Â 40 Â 32 regularly spaced grid points) of dimensions 61a Â 15a Â 10a in the streamwise, cross-stream and spanwise directions. All boundary conditions are noted on the six faces of the domain. No-slip walls are imposed on faces 1 and 3. Faces 2 and 4 are the inlet and outlet sections for the particle trajectories. Finally, periodic boundary conditions are imposed for the fluid flow and particles onto faces 5 and 6 (spanwise z direction). A constant pressure drop is imposed along the channel streamwise direction while periodic boundary conditions are imposed for the flow.
Without particles, the pressure drop induces a Poiseuille flow with an average velocity v mean .
All simulations are made dimensionless using the particle radius a as characteristic length scale, the mean flowing velocity v mean as the reference velocity. Typically, the particle diameter equals 5 lm and the channel width 20 lm which matches our earlier experimental conditions [10] . Fluid flow is laminar in all simulations (channel Reynolds number is equal Oð10 À2 )). Those particles are assumed to be in the high range of colloidal particles (no Brownian motion which is realistic for particles larger than 1 lm). The particles are neutrally buoyant. Inertia and gravity effects are negligible. Particle diameter corresponds to 8 grid nodes. Particles are initially seeded at random non-overlapping positions throughout the channel. Several draws (typically 3) of the random seeding have been proceeded and the results presented are averages over the three simulations under the same conditions. Particles reaching the outlet are withdrawn from the simulation. New particles (randomly seeded along Y-Z plane) pass through inlet face 2 assuming a constant and uniform concentration of particles and a Poiseuille flow upstream of the simulation domain. To inject new particles in the channel through face 2, we consider a suspension reservoir where particles move freely along the x direction (no interactions, particles follow straight streamlines with velocity prescribed by the Poiseuille flow). When the streamwise coordinate of a particle corresponds to the entrance of the simulation domain, this particle is injected into the channel and hydrodynamic and DLVO forces are accounted for in the simulation.
Compared to channel and particle widths, the attractive Van der Waals force towards the walls (faces 1 and 3) has a very short interaction distance. Therefore, the cross-stream displacement of particles is mainly related to shear induced self-diffusion and the time required for the first particle to attach onto the wall may be very long. Assuming a simple shear flow of strength equal to the Poiseuille wall shear, the diffusion time t s can be estimated with Eq. (24).
Y represents the height of the simulation domain and Dð/Þ is the self-diffusion coefficient. Self-diffusion (different from Brownian diffusion) occurs in a shear flow due to pairwise (or multibody) hydrodynamic and repulsive interactions. Encounters of particles is induced by the presence of shear which leads finally to crossstream displacement. Based on the work of Abbas et al. [11] which summarizes several studies under Stokes flow, the evolution of Dð/Þ can be determined either from numerical simulations or experiments. Therefore, the characteristic diffusion time with a 10% particle concentration corresponds to dimensionless times ranging from 4000 to 6000. Our simulations will show that complete clogging of the channel occurs on time scales ten to fifteen times shorter. Therefore, early times of deposition are not simulated because at low to moderate concentration the probability for a particle to touch the wall is low. This corresponds to a very long induction time. To reduce the computation time we fixed a number N c (Eq. (25)) of particles at random locations on each wall assuming uniform spatial distribution of particles.
N c 4 3
Round is the function which reduces the value of N c down to the nearest integer. N c is the number of fixed particles onto one wall of area A and N p is the initial number of all the particles corresponding to solid volumetric fraction / 0 . Simulations are performed under imposed pressure drop along the channel streamwise direction. We assume that a strong Fig. 10 . Schematic view of a plane channel and the corresponding boundary conditions. Some particle are initially attached onto the wall. adhesion force fixes the particles to the wall or to other attached particles when they come to contact. This contact occurs when the separation distance between two particles is equal to 10 À5 a.
Once at contact, we assume that the particles becomes adhesive and this adhesion is irreversible. No resuspension or rearrangement of fixed particles within an aggregate is allowed. As the plug is forming, the flowrate decreases progressively. The simulation is stopped when the fluid flowrate has been reduced in a significant way compared to its initial value. Firstly, the effect of the volumetric concentration of particles (5-10-15-20%) is analyzed with purely adhesive particles (no DLVO repulsion). Later on, for a particle volume fraction equal to 10%, the effect of non-hydrodynamic interactions is analyzed by considering several magnitudes of the repulsive force barrier between particles.
Channel blockage under pure adhesion
The major interest of direct numerical simulations is the detailed data generated by the model. All the particulate quantities (position, velocity) and fluid flow field are known at each time step. Those raw data have to be post-processed to analyze relevant quantities which may be compared to experiments, theoretical predictions or for understanding the physics. We have selected a number of macroscopic quantities such as the channel bulk permeability derived from Darcy law, the capture efficiency of the plug and also microstructure description through the coordination number (aggregate particle structure), the distribution of the forces acting on particles and the modification of the fluid flow around attached particles. In this first set of simulations, we fix to zero the repulsive potential of DLVO forces and assume irreversible adhesion.
Evolution of channel permeability
In simulations, the evolution of the channel permeability kðtÞ accounting for the presence of attached particles will be made dimensionless using the reference permeability k 0 of the channel at t ¼ 0 (with only N c particles attached onto the wall).
In Fig. 11 , the normalized permeability is plotted as a function of the normalized volume of injected fluid (ratio of injected volume to the simulation domain). We can observe the effect of the inlet particle concentration (/ 0 ). A continuous decrease of the normalized permeability is observed while the normalized volume of injected fluid increases: the additional number of attached particles increases leading to the progressive clogging of the channel. For an injected volume fraction equal to 0:05, the normalized permeability is reduced from 0:95 for 45 attached particles (/ 0 ¼ 5%) to 0:25 for 195 attached particles (/ 0 ¼ 20%). The permeability reduction is more important for larger volume fraction of particles [31] . It increases more rapidly when particle concentration of the flowing suspension is larger [32] . Fig. 12 shows the rapid reduction of permeability when the particle concentration is larger. At high volume fraction of particles, many new particles are introduced through the channel entrance within a short time, and this leads to the rapid blockage of the flow. Fig. 13 presents the evolution of the normalized permeability as a function of the additional number of attached particles. The volume fraction of the particle suspension has no effect on the permeability evolution when time (or equivalently injected volume) has been replaced by the instantaneous concentration of all attached particles. All the curves corresponding to different inlet concentration collapse on a single evolution. Actually, the same additional number of fixed particles (80) induces a similar reduction of channel permeability (equal to 0:2) for any suspension concentration at the inlet. Therefore, we can expect that the same structure of particle aggregates are formed although the channel clogging occurs faster at larger volume fraction of injected suspension.
In Fig. 13 , the simulation results are compared to the model of Hermia [2] for a standard clogging mechanism (exponent n ¼ 3=2 in Hermia's model). In such model, the deposited particles on the walls induce a progressive reduction of the channel section: the reduction of the effective channel height is related to the volume occupied by the adhered particles. It is then assumed that the repartition of solid is uniform and leads to a dense thick layer. It is interesting to observe that, for the same additional number of fixed particles in the channel, the normalized permeability decreases faster in the dynamic simulations. It is equal to 0:15 for 320 particles whereas the prediction of Hermia's model is 0:82. This model would be adequate for much smaller particles which would be attached homogeneously on both walls. In our simulations, fixed particles lead to the formation of 3D loose aggregates at different locations within the domain and cause significant and rapid perturbations of the flow. The plug formed by fixed particles progresses towards the center of the channel where the velocity is high and induces a strong reduction of permeability.
We consider the case corresponding to particles randomly seeded and fixed throughout the channel (static simulations). We compute the reduction of permeability with FCM for this random Normalized permeability
Normalized volume of introduced particles Fig. 12 . Evolution of the scaled permeability vs. normalized volume of introduced particles for different particle volume fractions: -Ã-5%, -}-10%, --15%, -þ-20%.
arrangement of particles, typically averaged over eight independent seedings. Comparing the permeability evolution for the static simulations to the dynamic cases of the channel clogging (Fig. 14) , we note that for similar particle volume fraction / (Eq. (26)), the permeability is higher for the dynamic simulations.
N fixed is the number of attached particles and V represents the channel volume. When particles are randomly seeded, they have an equal probability to be located anywhere in the channel while in the dynamic simulation fixed aggregates always start to form close to channel walls. These early attached particles are lying in zones of low fluid velocities and induce weaker reduction of permeability. This point will be confirmed in next section with the study of the aggregate microstructure.
The variation of permeability can also be compared to theoretical (regular arrangement of particles) or empirical permeability models. For these models, we used the approach proposed by Zick and Homsy [27] which relates hindered settling velocity for spheres to the permeability of fixed particles experiencing uniform flow. The original expression has been modified to account for the effect of channel walls. We consider that the two walls induce the hydrodynamic resistance equal to 1=k w in absence of particles while the hydraulic resistance induced by the presence of the fixed particles in the simulation domain is equal to 1=k c . The total resistance (1=k) induced by both the presence of particles and walls is given by Eq. (27):
where k c ¼ 2a 2 Kð/Þ=9/ is the permeability given by Zick and Homsy [27] for uniform flow. The expression of the permeability k is given by Eq. (28):
Scaling the permeability with k w gives the final expression in Eq. (29):
Kð/Þ represents the dimensionless hindered settling velocity proposed by several authors. We compare our simulation results using Eq. (28) Normalized permeability
Additional number of attached particles 15 compares the permeability obtained for the randomly (static) fixed particles case and for the dynamic simulations with classic theories for ordered or random arrays of fixed spheres. We can observe that the randomly seeded particles case is very close to Happel's estimate which is suitable for an ordered array of particles. This result is unexpected as we compared a random organization of particles in Poiseuille channel flow to an ordered array in a uniform flow field. The dynamic simulations performed with the Force Coupling Method give the same range of bulk permeability obtained in static simulations only when the compactness is large enough to generate a rather uniform and random packing of particles.
Aggregate microstructure and coordination number
To investigate the structure of the plug, the 3D spherical particles which are fixed in the channel are projected onto the plane X-Y. Projections are obtained by integration of a phase indicator s (Eq. (34)). If this integration is processed over one spatial coordinate (z-coordinate for example), a gray scale projection Cðx; y) (Eq. (35)) is obtained which is a measure of the particle concentration scanned along the direction of integration (similarly to X-ray tomography).
Figs. 16 and 17 show the aggregate structures for an inlet volume fraction equal to 20%. We observe the formation of dendritic structures similarly to Payatakes and Gradon [33] in their study of aerocolloidal particles motion through fiber filters. This evolution of the aggregate is initiated at the walls 1 and 3. The dendrites progress from the channel walls towards the bulk (Fig. 16) where the fluid velocity is high. These dendritic structures act as a collector and progressively lead to the complete blockage of the channel (Fig. 17) . The microstructure is highly heterogeneous. The coordination number gives information about the number of fixed particles permanently bonded to a reference particle. It is strongly related to the microstructure of an aggregate. It measures the chain or cluster type formed by this particle and its neighbors. A coordination number equal to zero indicates that there is no contact with other particles. This particle is then free to move through the simulation domain or is attached onto a wall. Based on the statistics of the coordination number throughout the suspension, we can identify different aggregate structures shown in Fig. 18 . A dendritic structure is characterized by a strong occurrence of coordination numbers equal to 2. For a cluster structure, a high occurrence of coordination numbers equal to 1 appears for particles on the outer region of the cluster, and 3 within the cluster core.
Without DLVO repulsion force, dendritic structures formed at the beginning of the aggregation process are evolving towards clusters. For simulations at / 0 ¼ 20%, dendritic structures shown in Fig. 16 for 170 attached particles yields coordination numbers with the following distribution: 68% for 0, 6% for 1 and 26% for 2. The transition from dendritic structure to cluster induces the mean coordination number to increase with more occurrence of 3 and 4. For example, the cluster structure presented in Fig. 17 for 320 attached particles induces coordination numbers with the following statistics: 33% for 0, 25% for 1, 20% for 2, 18% for 3 and 4% for 4. Due to rigid and irreversible adhesions of particles when they get into contact the coordination numbers are rarely greater than 4 (the aggregates are open and very loose).
Perturbation of the fluid flow
In this section, we report on the fluid flow associated to plug formation (see a snapshot of the instantaneous velocity field in Fig. 19 ). Without attached particles, the simulation starts with the classic Poiseuille profile which corresponds to the imposed pressure drop along the channel streamwise direction. While aggregates of particles progressively block the channel, the velocity profile is modified by fixed aggregates. Actually, the formation of aggregates does not occur homogeneously in the channel but depends strongly on the interplay between the fluid velocity (which is responsible for collisions and attachment) and the 3D development of the structure (which perturbs the flow). When a dendrite starts to form on one wall of the channel, it is acting as a collector. Therefore, the structure development is enhanced by new impacting particles and the fluid velocity is reduced which promotes asymmetry of the flow. Fig. 19 corresponds to fluid flowing through a channel containing 220 attached particles. The flow magnitude is greater around the centerline of the channel where particle aggregates have not formed yet whereas it is equal to zero close to aggregates of fixed particles. The local growing of large particle aggregates causes a significant modification of the fluid flow field.
Channel blockage under repulsive conditions
Under various physical-chemical conditions clogging may occur although repulsive forces between particles or particles and walls correspond to a stable suspension (aggregation does not occur in a quiescent fluid but particle contact is forced by the flow). Under such conditions, the occurrence and kinetics of plug formation is related to the relative magnitude of hydrodynamic forces (orthokinetic aggregation), repulsive and attractive potentials. In the literature, it has been numerically and experimentally shown that surface interactions like DLVO forces can play a significant role in clogging mechanisms [34] . Aggregation and clogging phenomena for inlet particle concentration / 0 ¼ 10% will be discussed for different repulsive barrier magnitudes. When DLVO interaction forces are considered, no initial particle adhesion is required. Indeed, the presence of interparticle forces leads to stronger agitation of particles and consequently higher cross-stream self-diffusion. This significantly reduces the time for the first particle-wall adhesions.
Magnitude of the repulsion force
DLVO interparticle forces are the sum of the Van der Waals attraction and an electrical double layer repulsive force due to surface charges. Those forces have been scaled by the typical magnitude of shear induced hydrodynamic force F h (Eq. (36)) which yields contact:
For particle-particle interactions, the magnitude of the attraction force A h =a is constant and equal to F h =10. For particle-wall interaction, A h =a is equal to F h =45; 000. The interaction length is kept constant and equal to 0:2a throughout all simulations.
The electrostatic repulsive force has an interaction distance equal to 4a which is fixed by choosing the Debye length. Its relative magnitude is fixed by selecting an appropriate value for 0 r w 2 (Eq. (14)). The repulsive force between particles and walls F pw is set to zero. In the following simulations, only particle-particle interaction force F pp is varied. Thus, the repulsive force between particles have been selected equal to Fig. 20 ). The typical values of F pp that we selected allows investigating gradually configurations ranging from pure adhesion (previous section) to strong repulsion corresponding to very rare occurrence of particle aggregation. The maximum of repulsion is located at 0:3a while the particle-particle interaction force vanishes for distance equal to 4a.
Simulation conditions can represent the behavior of micrometric particle (where Brownian diffusion is negligible) interacting via long-range electrostatic repulsion (having the same order as the particle size). Such colloidal dispersion can be obtained by dispersing micrometric particle in a solvent having low dielectric constant and low salt concentration; Debye length and particle size can then stand in the micrometric range [37] .
Channel permeability
Accounting for non-hydrodynamic interaction forces, the simulation results show striking differences for the evolution of the normalized permeability (Fig. 21) . Increasing the repulsive force reduces the occurrence of adhesion events and the reduction of permeability is weaker.
Two observations can be made depending on the strength of DLVO repulsive force. The time for first adhesions is shorter when the repulsion is strong. For a normalized volume of injected fluid equal to 0:18 the permeability is equal to 0:60 at F pp ¼ F h =10 while Fig. 19 . Instantaneous flow field corresponding to 220 attached particles. Average has been formed over the spanwise direction. One over four real grid points has been plot to ease visualization (8 grid points fit within a particle diameter). 
it is equal to 0:82 at F pp ¼ F h =40. Da Cunha and Hinch [36] clearly demonstrated that shear induced self-diffusion is function of the strength of repulsive forces which yield a net displacement at each pairwise particle interaction. Particles are moving across streamlines enhancing cross-stream diffusion (adhesion to wall occurs sooner). The second observation is concerned with the temporal evolution of the permeability. When repulsion is weak F pp ¼ F h =40, the permeability evolution is similar to purely adhesive case F pp ¼ 0. The situation is dramatically different for strong repulsion (F pp ¼ F h =10). The normalized permeability decreases due to particles adhesion onto the walls and reaches a plateau slightly below 0:58 (dashed line in Fig. 21 corresponding to a monolayer of attached particles). Under constant pressure drop, the decrease of permeability corresponds to flowrate reduction and consequently wall shear reduction, as well. Below a critical value, shear can no longer provokes adhesion of particles on the wall particle monolayer. This phenomenon leads to a nearly constant permeability. The permeability temporal evolution for F pp ¼ F h =10 is fluctuating (Fig. 21 -curve À þ À ). An explanation based on dynamic visualization of particle snapshots consists in a scenario where particles form a network due to repulsive forces (gel like transition). Under hydrodynamic forcing this network resists (slight decrease of permeability) and suddenly, the rearrangement of particles leads to a rapid (but moderate) increase of permeability. This phenomenon recovers as particles progress towards the exit of the channel.
In the absence of DLVO forces, the force monopole acting on flowing particles is set to zero while it is counterbalancing adhesion force for fixed particles. The presence of non-hydrodynamic interaction forces (particularly repulsion force) modifies this simple picture while attached and freely moving particles experienced interactions with neighbors. In Fig. 22 , the probability distribution function of the normalized force monopole at F pp ¼ F h =10 shows that both fixed and freely moving particles experience fluid or interparticle forces. The simulation time chosen for Fig. 22 corresponds to one instant of fluctuations observed in Fig. 21 . For attached particles the force monopole is positive which corresponds to the adhesive contribution of the contact forces. The force acting on the particles is directed downstream. For flowing particles, we note that positive and negative values of interaction forces are possible. Actually, the intensity and the direction of the force monopole acting on each particle may change frequently due to the relative motion of particles through the channel. 
The dashed line corresponds to the permeability with a monolayer of attached particles. 
Dynamics of particle adhesion and capture efficiency
Channel permeability is strongly related to the number of attached particles. The temporal evolution of the number of fixed particles is presented in Fig. 23 . At a characteristic simulation time t s equal to 30, the number of captured particles (which is directly given by incremental counting of new attached particles) is equal to 148; 104; 85 and 72 for F pp equal to F h =40; F h =20; F h =14 and F h =10 respectively. Although first adhesions occur sooner with high repulsive forces F pp ¼ F h =10, the number of attached particles reaches a plateau. Comparing the simulation results obtained for weak repulsion to the case of purely adhesive particles, it is clear that the dynamics of capture is similar. For F pp ¼ F h =10, the number of attached particles stabilizes at 72 while time goes on and new particles are continuously injected in the channel. Those 72 particles correspond to adhesion to walls resulting from successive repulsions and drift through the bulk flow.
The capture efficiency is defined as the ratio of the number N cap of fixed particles to the number N inj of injected particles (Eq. (37)) through the inlet section of the microchannel.
V p represents the particle volume, / 0 the particle inlet concentration. S is the area of the channel cross section and Su mean is the average flowrate. The evolution of the capture efficiency is presented in Fig. 24 where two distinct behaviors are observed. For F pp ¼ F h =40, capture efficiency increases while particles are injected in the channel. For 275 injected particles, the capture efficiency is equal to 0:28 for F pp ¼ F h =40 while it has already reached 0:47 in the absence of repulsive forces. Adding repulsive forces can change dramatically the long term evolution of the capture efficiency. Progressively increasing repulsive force, leads to a non-intuitive response of the system. At F pp ¼ F h =10 for example, the capture efficiency has two distinct trends. The first one corresponds to an increase of capture efficiency associated with wall adhesions. The second trend is a monotonous decrease: capture efficiency is equal to 0:25 for 250 injected particles and then decreases down to 0:16 for 450 injected particles. Injection of new particles through the channel inlet does not lead to any additional adhesions of particles. The number of attached particles is stabilized. New particles are not able to overcome the repulsive barrier preventing adhesion and cluster formation. Consequently, this leads to the decrease of capture efficiency.
Aggregate structures and flow perturbation
The 3D structure of aggregates formed by fixed particles is drastically different in the presence of repulsive force. For low repulsion forces ðF pp ¼ F h =40Þ, clusters of particles observed in Fig. 25 are similar to purely adhesive case. The statistics of coordination number are dominated by occurrence of one and three neighbors. With strong interaction repulsive forces ðF pp ¼ F h =10Þ, only particle monolayers attached onto the wall are observed. New particles are not able to overcome the repulsive barrier preventing adhesion and cluster formation. Therefore, the coordination number characterizing this situation is equal to zero. For moderate repulsion strength (F pp ¼ F h =14), particles aggregate form chainlike structures (Fig. 26) . Early adhesion events yield a particle monolayer similar to what was obtained for F pp ¼ F h =10. Later on, chainlike structures appear in the channel resulting from an interplay between the hydrodynamic forcing and repulsive force barriers preventing the formation of clusters. The chainlike structure is characterized by a distribution of coordination number dominated by two neighbors.
Conclusion
In this paper, we investigated the behavior of flowing suspensions in a microchannel. The Force Coupling Method is an efficient and flexible way to account for hydrodynamic multibody interactions together with non-hydrodynamic interparticle forces (particularly DLVO forces including adhesion effects and repulsion barriers to model particle-particle and particle-wall interactions). The set of simulations performed at constant pressure drop in absence of DLVO forces show that dendritic structures are initially formed from the wall and lead to the progressive blockage of the channel. The variation in time of the permeability does not follow the classical theories of filtration in packed beds because the development of the plug is not homogeneous across the channel width. The volume fraction of particles in the dispersion has a minor effect on the variation of the normalized permeability and on the aggregate microstructure. The reduction of permeability is mainly controlled by the number of attached particles as time progresses. For simulations including the effect of DLVO interaction forces, we showed that the evolution of the normalized permeability depends strongly on the strength of the repulsion barrier. An increase of particle-particle interaction force induces a reduction of the number of attached particles and consequently higher permeability. The fluctuations observed in the evolution of the normalized permeability at a strong repulsion are due to rearrangement of flowing particles interconnected by DLVO forces. Clearly, this contributes to the permeability reduction at high concentration while non-adhesive cluster of particles has to move towards the exit while interacting with fixed particles on walls. We observed the transition from cluster structures characteristic of purely adhesive suspension to the formation of particle monolayer for strong repulsion barrier. At intermediate values of repulsive inter-particle forces, chainlike structures appear.
This study showed the important role played by hydrodynamic and non-hydrodynamic (DLVO) interaction forces in the process of particle aggregation and straight microchannel clogging. The analysis of particle deposition through non-homogeneous porous surfaces (for instance a pore entrance) would lead to significant enhancement of basic features of filtration membrane fouling.
